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1. Introduction

This   is   a   lung   cancer   biomarker   development   project   to   test   the   hypothesis   that   there   are  
discriminatory   biomarkers   in   saliva   that   can   detect   lung   cancer   with   the   aim   to   reduce   the  
number   unnecessary   diagnostic   workups   (bronchoscopy)   in   patients   with   suspicious   chest  
symptoms.  The  major  goal  is  to  perform  a  properly  powered  biomarker  discovery  and  validation  
of   salivary   miRNA   and   proteomic   biomarkers   for   detection   of   lung   cancer   based   on   PRoBE  
design   principles   (prospective-­specimen-­collection   and   retrospective-­blinded-­evaluation).   The  
outcome   of   this   project   will   be   a   panel   of   validated   non-­invasive   saliva-­based   biomarkers   for  
detection  of  lung  cancer.  
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2. Keywords:  Lung  cancer,  Early  detection,  Saliva,  Biomarkers
3. Overall  project  summary

This   is   the   third   year   of   this   DoD   CDMRP   Lung   Cancer   Research   Program   (LCRP)  
Investigator-­initiated   Translational   Research   Award   project   titled   “Salivary   Proteomic   and  
microRNA  Biomarkers  Development  for  Lung  Cancer  Detection”.    

The   first   year   of   this   lung   cancer   biomarker   development   project   was   spent   in   the  
obtainment   of   regulatory   (IRB)   approvals   from   the   two   performance   sites   of   the   project,  
University  of  California  Los  Angeles  and  the  Greater  Los  Angeles  VA  (GLA-­VA),  as  well  as  with  
the  Human  Research  Protection  Office  (HRPO)  at  the  US  Army  Medical  Research  and  Materiel  
Command   (USAMRMC).   These   lengthy   regulatory   procedures   caused   a   year   of   setbacks  
delaying   the   initiation  our   translational   research   study   to   develop   salivary   biomarkers   for   lung  
cancer  detection.  We  have  since  obtained   full   approval  of   the   informed  consent   changes  and  
the   HRPO   of   USAMRMC   have   approved   the   use   of   human   subjects   of   this   lung   cancer  
biomarker  development  study.  On  November  15,  2013  we  obtained  approval   from  Dr.  Sheilah  
Rowe,  the  Scientific  Officer,  that  our  project  was  delayed  for  one  year  and  consider  the  need  of  
an  extension  of  the  performance  period.    

The  second  year  of  the  project  was  focused  on  Aim  1  to  continue  accrual  of  lung  cancer  
and   control   subjects.   We   also   began   the   salivary   biomarker   discovery   phase,   Aim   2   of   the  
project.   As   reported   in   the   last   progress   report,   significant   efforts  were  made   to   integrate   the  
emerging  technology  of  RNA-­Seq  in  saliva  to  discovery  miRNA  in  saliva  of  lung  cancer  patients.  
The   efforts   to   optimize   the  RNA-­seq   technology   to   saliva   for   extracellular  RNA   discovery  will  
allow  us  to  obtain  un-­parallel  detailed  information  of  known  and  novel  miRNA  in  saliva  that  can  
be  developed  for  lung  cancer  non-­invasive  biomarkers.  30  lung  cancer  and  30  non-­lung  cancer  
control  saliva  RNA-­libraries  were  constructed  for  biomarker  discovery.  A  high  impact  paper  was  
published   based   on   these   novel   and   impactful   efforts   to   decipher   the   salivary   extracellular  
transcriptome   and   the   article   was   featured   in   a   special   issue   of   Clinical   Chemistry   titled  
“Molecular  Diagnostics:  A  Revolution  in  Progress”  (1).  Support  by  the  CDMRP/DoD  was  cited.      

This  progress  report  contains  the  research  accomplishment  of  the  Specific  Aims  1  and  2  
as  contained  in  the  original  Statement  of  Work.    

Aim  1:   Accrual  of  Lung  Cancer  and  Control  Subjects-­  Based  on  PRoBE  Design  
Milestone  1:   Accrual   of   1560   saliva   samples   from  patients  with   suspicious   chest   symptoms.  

Based  on  current  practice,  we  anticipate  624   lung  cancers  and  936  are  cancer  
free  patients  at   the  Greater  Los  Angeles  VA  hospital   (GLA-­VA)  procured  based  
on  the  PRoBE-­study  design.  

As of August 28, 2015 we have screened 2486 patients with chest symptoms at the 
GLA-VA (159% of the targeted enrollment of 1560). Of these 215 subjects were endoscoped 
and 93 were confirmed with diagnosed of lung cancer. Our original study design anticipated 624 
lung cancer cases by the end of year 01 with nodular sizes on CT > 1cm. The lung cancer yield 
turned out to be 32 cases with nodular size >1 cm. This is lower than anticipated and 
necessitated us to modify the study design for the biomarker discovery Aim.  

We used 30 lung cancer and 30 non-cancer saliva samples for the biomarker discovery. 
In addition to the cancer status of these lesions, we have also correlated the tumor size of these 
lesion based on their CT data. This inclusion is of clinical relevance and impact since the ability 
to develop salivary biomarkers that can predict cancer from non-cancer patients will  be  clinically  
impactful.  By  examining  the  plot  of  sample  size  against   the  proportion  of  genes  exceeding  the  
power   threshold,   we   estimated   that   the   sample   size   of   30   per   group   (cases   and   control)   will  
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prove  statistical  power  of  at   least  99%  for  98%  of  the  genes  whose  true  effects  exceed  a  fold-­
change  of  2.  Saliva   from  30   lung  cancer  patients  and  30  matched  controls  were  used   for   the  
discovery  studies.  Controls  were  matched  for  gender,  age,  smoking  history  and  ethnicity.  This  
matching  ensured  a  distributional  match  on  potential  confounders.  

Aim  2:     Salivary   extracellular   RNA   (exRNA)   Biomarkers   Discovery,   Statistical   and  
Systems  Approaches  to  Candidate  Biomarkers  Selection    

Milestone  2:   Optimized   salivary   biomarker   discovery   technologies   and   a   systems   approach  
will   be   used   to   identify   candidate   exRNA   salivary   biomarkers   for   lung   cancer  
detection   in   a   discovery   cohort   of   30   cases  and  30   controls   randomly   selected  
from  Aim  1.  Salivary  biomarker  optimized  data  mining  approach  will  be  used   to  
identify  to  candidate  markers.    

   RNA-­Seq   is   emerging   technology   to   obtain   the  most   detailed   information   of  RNA   in   a  
biological   sample.  While  we  originally  proposed   to  use   the  Taqman  MicroRNA  Array  Card   for  
saliva  miRNA  discovery,  the  significant  advantages  to  use  RNA-­Seq  for  saliva  miRNA  discovery  
for   known  and  novel  miRNA   is   compelling.  We  published   the   first  RNA-­Seq  study  on  salivary  
RNA  using   the  SOLIDTM  system   (2).   In   this  project,  we  will   use   Illumina  sequencing  systems.  
We  have  generated  data  that  support  the  quality,  reproducibility  and  feasibility  of  our  approach.  
We  have  compared  multiple  library  generation  methods,  constructed  different  types  of   libraries  
to  capture  the  whole  spectrum  of  exRNA  in  saliva,  evaluated  the  reproducibility  of  our  methods,  
and  obtained  a  preliminary  landscape  of  relative  and  absolute  concentration  of  various  types  of  
exRNAs  in  saliva  (1).      
  

A   number   of   RNA-­Seq   library   construction  
methods  have  been  developed  in  the  literature.  We  
have   evaluated   the   performance   of   alternative  
methods,  we  used  multiple  commercially  available  
kits   (NEB,   Illumina,   Clonetech   and   NuGen)  
targeting   different   types   of   RNA.   A   typical  
bioanalyzer  profile  of  saliva  exRNA  is  shown  in  Fig.  
1.  For  each   library,   500ng  of   total  RNA  was  used  
as   input.   Importantly,   predefined   amount   of  
synthetic   spike-­in  RNAs  were   added   into   each  RNA   sample   equivalently,  which  will   serve   as  
internal   standards   to   evaluate   library   efficiency,   reproducibility,   to   normalize   data   across  
different   samples,   and   to   calculate   absolute   RNA   abundance.   The   synthetic   RNAs   were  
purchased   from   Exiqon   and   Life   Technologies   for   small   RNA-­Seq   and   regular   RNA-­Seq,  
respectively.   The   synthetic   RNA   pool   consists   of   many   distinct   RNA   species   (>40   for   small  
RNA)   to  ensure  abundance  and  sequence  diversity.  Since   it   is  known  that  RNA  from  saliva   is  
partially  degraded  with  size  between  20  and  200nt,  we  modified  the  library  generation  methods  
to   exclude   polyA   selection   and   include   a   size-­selection   step   favoring   RNAs   below   200nt.  
Depletion  of  ribosomal  RNA  was  not  carried  out  since  it  is  known  that  saliva  has  relatively  less  
rRNA  compared  to  cellular  RNA.  Note  that  although  the  regular  RNA-­Seq  spike-­in  RNAs  were  
polyadenylated,  the  random  priming  method  used  in  regular  RNA-­Seq  still  allows  their  usage  as  
reference   standards.   Using   these   optimized   steps   for   salivary   exRNA,   we   constructed   RNA-­
libraries  of  the  60  saliva  samples  (30  lung  cancer,  30  controls).  All  samples  were  randomized  to  
minimize  batched  effect  for  RNA-­Sequencing.	
  
   All   libraries  were  sequenced  using   Illumina  HiSeq  2500  sequencers  at   the  UCLA  core  
facility.  A  total  of  30-­50  million  single-­end  (50nt)  reads  were  obtained  for  each  library.  We  have  
developed  a  customized  bioinformatic  pipelines   to   identify  different   types  of  non-­coding  RNAs  
(ncRNA)   present   in   these   data   sets   originated   from   human,  microbiome,   plants   or   any   other  
species  (Fig.  2).  Small  RNA-­Seq  data  were  analyzed  for  miRNAs  and  other  ncRNAs.  Although  

Figure 1. A typical bioanalyzer trace of total 
RNA from saliva isolated by Trizol LS. 
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the  small  RNA  libraries  capitalize  on   the   fact   that  canonical  miRNAs  have  a  5'-­phosphate  and  
3'-­OH,  other  ncRNAs  may  be  identified  if  their  processing  
steps   also   lead   to   such   footprints.   Since   the   RNA-­Seq  
libraries   used   random   priming   to   generate   cDNAs,   they  
can  theoretically  capture  all  different  types  of  RNAs  in  the  
selected  size  range  (20-­200nt)  with  adequate  abundance.  
We  have  analyzed  whether   the  RNA-­Seq  data  sets  may  
capture   all   long,   small   and   circular   ncRNAs.   Mapping  
uniqueness   was   required   for   reads   mapped   to   spike-­in  
RNAs,  known  genes,  lncRNAs  and  circular  RNAs,  but  not  
for   reads   mapped   to   microbiome   or   16S.   Small   RNA  
reads  were   not   required   to   be   unique   either   since   small  
RNAs   (miRNAs,  piRNAs,  etc.)  may  have  multiple   copies  
or   similar   family   members   in   the   human   genome.   All  
libraries   yielded   high   quality   reads,   with   an   average   of  
~50%  reads  mapped  to  16S  and  microbiome.  To  evaluate  
potential   contamination   by   cellular   RNA   in   our   samples,  
we   examined   a   number   of   genes   (e.g.,   ESRP1/2,  
OVOL1/2,   HBA1,   APOC1   etc.)   that   are   known   to   be  
highly  specific   to  epithelial   cells  or   leukocytes,   the  major  
types   of   cells   in   saliva.   Most   of   these   genes   are   not  
expressed   based   on   the   RNA-­Seq   data,   supporting   the  
effectiveness  of  our  saliva  SOP  in  removing  cells.  
Table  1:  Salivary  miRNA  candidates  for  lung  cancer  

detection  

Sequencing  data  was  preprocessed  to  generate  counts  for  small  exRNA  species.  A  few  
different  normalization  methods   (raw  counts,  RPM  counts,  Quantile  normalization  and  DESeq  
normalization)  were  used  to  generate  analytic  datasets.  We  filtered  the  small  exRNA  species  by  
requiring   counts   ≥   5   in   at   least   20%   of   samples   for   inclusion   in   the   statistical   analysis.   The  
Wilcoxon  rank  sum  test  and  the  Negative  Binomial  DE-­Seq  test  were  used  to  compare  cancer  
vs.  non-­cancer  for  each  species.  Initial  small  exRNA  candidates  were  selected  based  statistical  
significance   and   additional   criteria   of   biological   relevance.   The   first   set   of   candidates   was  
assayed  with   ddPCR   to   evaluate   optimal   data   analysis   strategies   for   the   candidate   selection  
process.  We  have   found   that  Quantile   normalization   of   the   sequencing  data   did   not   correlate  
well   with   ddPCR   concentrations.   Normalizing   the   ddPCR   targets   to   reference   gene   also  
negatively   affected   the   concordance   between   techniques.   We   observed   correlations   ~(0.70-­

All raw 
data 

Figure 2. RNA-Seq and small RNA-
Seq data analysis. Read mapping 
was carried out using Bowtie2 
allowing up to 1 mismatch in the 
adaptor-trimmed reads.   
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cancer.me
dian cancer.Q1 cancer.Q3

P.Wilcox.R
C

P.Wilcox.R
PM FC.DESeq P.DESeq

AdjP.DESe
q FC.edgeR P.edgeR

miR_4488 36 45 7 1 20 8.5 1.25 26.75 0.723107 0.805098 14.49004 1 1 11.12099 3.32EM05
miR_3656 12 18 1 0 3 1 0 7.25 0.646254 0.568941 29.03614 0.95073 1 10.47615 5.43EM05
miR_10b_5p 16 45 2 1 6 6.5 3 21.75 0.013258 0.022696 2.954894 0.010764 0.194769 3.039285 0.000178
miR_381_3p 44 50 7 3 14 9 4.25 17 0.500384 0.600546 3.099706 0.374787 1 3.261079 0.000328
miR_210 92 77 56 26 101 63.5 26.5 123 0.88134 0.364826 3.796675 0.838827 1 2.419881 0.007018
miR_664a_5p 48 68 9 3 20 18 8.25 29.25 0.223978 0.501726 4.130597 1 1 1.553393 0.015215
miR_1307_3p 96 95 126 66 279 149 54.75 258.25 0.83948 0.546895 0.360961 0.611561 1 0.648972 0.016097
miR_342_5p 64 68 14 8 61 22 7.25 34.25 0.948974 0.272156 0.156915 0.699597 1 0.588872 0.020103
miR_27b_3p 96 100 1813 950 4924 3664 1354.5 9091.5 0.164043 0.335288 1.56169 0.094792 0.837695 1.660131 0.023278
miR_451a 88 82 41 23 341 225.5 31.75 738.5 0.286255 0.39139 2.010255 0.709001 1 2.197283 0.023998
miR_125b_2_3p 36 59 6 3 16 13 4.5 24 0.104639 0.175667 1.459217 0.220288 1 1.876335 0.026635
miR_122_5p 0 9 0 0 2 1 0 3.75 0.325835 0.322104 1.906507 0.042304 0.53585 3.787577 0.035394
miR_660_5p 76 86 53 18 137 107.5 21.75 146.75 0.311006 0.359253 1.469822 0.320974 1 1.569357 0.041835
miR_148a_3p 100 100 25175 8172 51507 47217 13060.25 74902 0.265764 0.214503 1.371327 0.31643 1 1.404031 0.044303
miR_183_5p 88 91 201 118 276 311.5 136.25 729.25 0.122133 0.191678 1.45702 0.238376 1 1.577003 0.046841
miR_100_5p 96 91 111 71 235 171.5 56.75 287 1 0.974736 0.454766 0.667452 1 0.611091 0.049424
miR_2115_5p 44 50 6 3 45 10 2.25 20.25 0.797258 0.645531 0.321632 0.667086 1 0.565609 0.049514
miR_184 88 95 62 28 120 65 42.5 105.75 0.716975 0.874174 0.450008 0.801576 1 0.521706 0.049714
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0.90)  between  untransformed  ddPCR  concentrations  and  number  of  RNA-­seq  reads  (either  raw  
or  RPM).    

Based  on  these  findings  we  revised  the  rationale  for  miRNA  candidates’  selection  for  
verification.  Table  1  showed  the  identification  of  18  salivary  (miRNA  9  miR  4488,  miR  3656,  
miR  10b  5p,  miR  381  3p,  miR  210,  miR  664a  5p,  miR  1307  3p,  miR  342  5p,  miR  27b  3p,  miR  
451a,  miR  125b  2  3p,  miR  122  5p,  miR  660  5p,  miR  148a  3p,  miR  183  5p,  miR  100  5p,  miR  
2115  5p,  miR  184)  that  are  significantly  different  between  the  lung  cancer  and  non-­lung  cancer  
controls.  These  18  miRNA  will  be  subjected  for  validation  in  Aim  3.    

  

4.  Key  Research  Accomplishments    
•   Accrual   of   2486   patients   with   chest   symptoms   (159% of the targeted enrollment of 
1560) 
• Biomarker discovery cohort of 30 lung cancer patients with lung nodules on CT> 1cm 
and 30 non-lung cancer matched controls fully adhering to prospective-­specimen-­
collection  and  retrospective-­blinded-­evaluation  (PRoBE)  design  

•  RNA  library  construction  of  the  30  lung  cancer  and  30  non  lung  cancer  controls  

•  RNA-­Sequencing  of  30  lung  cancer  and  30  non  lung  cancer  controls  

•   Data   analysis   and   select   18   salivary   miRNAs   that   are   significantly   altered   in   lung  
cancer  from  non  lung  cancer  controls 

  
5.  Conclusion    

During   the   third   year   of   the   project,   scientific   progress   has   been   sound.   Targeted  
enrollment  has  been  attained  despite   the   lung  cancer  cases   fulfilling   the   inclusion  criteria  was  
less   than   expected.   We   have   successfully   performed,   using   optimized   salivary   RNA   library  
construction   and   RNA-­sequencing   technologies   for   the   biomarker   discovery   cohort   of   30/30.  
Data  analysis  of  the  RNA-­seq  data  revealed  18  salivary  miRNAs  are  significantly  altered  in  lung  
cancer  from  non  lung  cancer  subjects.    
  

So  What  Section:   The   frontier   technology   of   RNA-­Seq   for   salivary   miRNA  
development  have  led  to  the  discovery  of  salivary  biomarkers  that  have  discriminatory  power  to  
detect  lung  cancer  in  patients  with  symptomatic  chest  symptoms  and  nodules  of  >  1cm.  
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The Landscape of MicroRNA, Piwi-Interacting RNA, and
Circular RNA in Human Saliva

Jae Hoon Bahn,1,2† Qing Zhang,1,2† Feng Li,3 Tak-Ming Chan,1,2 Xianzhi Lin,1,2 Yong Kim,3,4,5

David T.W. Wong,2,3,4,6,7* and Xinshu Xiao1,2,4,6*

BACKGROUND: Extracellular RNAs (exRNAs) in human
body fluids are emerging as effective biomarkers for
detection of diseases. Saliva, as the most accessible and
noninvasive body fluid, has been shown to harbor
exRNA biomarkers for several human diseases. How-
ever, the entire spectrum of exRNA from saliva has not
been fully characterized.

METHODS: Using high-throughput RNA sequencing
(RNA-Seq), we conducted an in-depth bioinformatic
analysis of noncoding RNAs (ncRNAs) in human cell-
free saliva (CFS) from healthy individuals, with a focus
on microRNAs (miRNAs), piwi-interacting RNAs
(piRNAs), and circular RNAs (circRNAs).

RESULTS: Our data demonstrated robust reproducibil-
ity of miRNA and piRNA profiles across individuals.
Furthermore, individual variability of these salivary
RNA species was highly similar to those in other body
fluids or cellular samples, despite the direct exposure of
saliva to environmental impacts. By comparative anal-
ysis of �90 RNA-Seq datasets of different origins, we
observed that piRNAs were surprisingly abundant in
CFS compared with other body fluid or intracellular
samples, with expression levels in CFS comparable to
those found in embryonic stem cells and skin cells.
Conversely, miRNA expression profiles in CFS were
highly similar to those in serum and cerebrospinal
fluid. Using a customized bioinformatics method, we
identified �400 circRNAs in CFS. These data represent
the first global characterization and experimental vali-
dation of circRNAs in any type of extracellular body
fluid.

CONCLUSIONS: Our study provides a comprehensive
landscape of ncRNA species in human saliva that will
facilitate further biomarker discoveries and lay a foun-

dation for future studies related to ncRNAs in human
saliva.
© 2014 American Association for Clinical Chemistry

Human saliva has been used increasingly for biomarker
development to enable noninvasive detection of dis-
eases. The term “salivaomics” was coined to highlight
the omics constituents in saliva that can be used for
biomarker development and personalized medicine
(1 ). Salivary extracellular RNA (exRNA)8 was discov-
ered 10 years ago; since then, the nature, origin, and
characterization of salivary RNA have been actively
pursued (2– 8 ). These studies have demonstrated the
potential for the use of salivary RNA to detect oral can-
cer (2, 9 ), Sjögren syndrome (3 ), resectable pancreatic
cancer (7 ), lung cancer (10 ), ovarian cancer (11 ), and
breast cancer (12 ). Facilitated by next-generation se-
quencing technologies, a complex compositional
profile of salivary RNA molecules has emerged, en-
compassing mRNAs, microRNAs (miRNAs), small
nucleolar RNAs (snoRNAs), etc. (8, 13, 14 ). However,
the entire spectrum of exRNA from saliva has not been
fully discovered, thus warranting further comprehen-
sive deciphering and analyses. In addition, there is also
increasing interest in understanding the functional as-
pects of salivary RNAs in oral and systemic biology.
Such studies will be facilitated by a detailed delineation
of the landscapes of salivary exRNA.

Although RNA sequencing (RNA-Seq) technolo-
gies have been applied to study RNA expression in sev-
eral body fluids (8, 15–18 ), most of these studies have
focused on analyses of miRNAs and mRNAs. In addi-
tion, more recently, thousands of exonic circular RNAs
(circRNAs) have been discovered in various human
cell types, many of which are highly stable, abundant,
and evolutionarily conserved (19 ). Two circRNAs have

1 Department of Integrative Biology and Physiology, 2 Molecular Biology Institute,
3 School of Dentistry, 4 Jonsson Comprehensive Cancer Center, 5 Broad Stem
Cell Research Center, 6 School of Engineering, 7 Department of Head & Neck
Surgery/Otolaryngology, UCLA, Los Angeles, CA.

* Address correspondence to this author at: Department of Integrative Biology
and Physiology, UCLA, 611 Charles Young Dr, Los Angeles, CA 90095. E-mail
gxxiao@ucla.edu.

† J.H. Bahn and Q. Zhang contributed equally to this work.

Received July 16, 2014; accepted October 2, 2014.
Previously published online at DOI: 10.1373/clinchem.2014.230433
8 Nonstandard abbreviations: exRNA, extracellular RNA; miRNA, microRNA; snoRNA,

small nucleolar RNA; RNA-Seq, RNA sequencing; circRNA, circular RNA; ncRNA,
noncoding RNA; CFS, cell-free saliva; UCLA, University of California–Los Ange-
les; piRNA, piwi-interacting RNA; RPM, reads per million mapped reads; ddPCR,
droplet digital PCR; ISI, individual specificity index; CSF, cerebral spinal fluid; ES,
embryonic stem; lncRNA, long noncoding RNA.

Clinical Chemistry 61:1
000 – 000 (2015)

Informatics and Statistics

1

 http://hwmaint.clinchem.org/cgi/doi/10.1373/clinchem.2014.230433The latest version is at 
Papers in Press. Published November 6, 2014 as doi:10.1373/clinchem.2014.230433

Copyright (C) 2014 by The American Association for Clinical Chemistry 
8

http://hwmaint.clinchem.org/cgi/doi/10.1373/clinchem.2014.230433


been shown to act as miRNA sponges, thus playing a
role in mediating miRNA targeting (20 ). It is expected
that additional functions of circRNAs may be de-
scribed soon (19 ). The stable nature of circRNAs
makes these moieties intriguing candidates as func-
tional molecules in circulating body fluid.

We performed a comprehensive analysis of extra-
cellular noncoding RNAs (ncRNAs) in cell-free saliva
(CFS) by next-generation sequencing. In addition, we
carried out a genome-wide analysis of possible exis-
tence of circular RNAs in CFS with RNA-Seq. To our
best knowledge, this is the first report and validation of
the existence of circRNAs in any body fluid. Our find-
ings credential the presence of salivary ncRNA and, im-
portantly, pave ways for further functional, biological,
and biomarker discoveries related to ncRNAs in hu-
man saliva.

Materials and Methods

SALIVA COLLECTION AND PROCESSING AND RNA ISOLATION

Unstimulated saliva samples were obtained from
healthy volunteers in accordance with a protocol ap-
proved by the University of California–Los Angeles
(UCLA) Institutional Review Board as described pre-
viously (21 ). More details are included in Supplemen-
tal Methods, which accompanies the online version of
this article at http://www.clinchem.org/content/vol61/
issue1.

CONSTRUCTION OF SMALL RNA-SEQ LIBRARIES

We isolated total RNA directly from CFS as described
above. Spike-in RNAs (Exiqon) were added to the total
RNA samples (1 reaction volume per microgram RNA)
before library construction as internal controls. With
the spiked total RNA samples, we prepared small RNA-
Seq libraries with the NEBNext Small RNA library Prep
kit (NEB). The final libraries were purified with 6%
PAGE gel.

CONSTRUCTION OF circRNA-SEQ LIBRARIES

To obtain enriched circular RNAs from the total RNA
samples, we used 3 U/�g RNase R (Epicentre) to treat
the total RNA (from CFS directly) for 20 min at 37 °C.
Subsequently, RNA was extracted with acid phenol/
chloroform (pH 4.5). We prepared sequencing librar-
ies with the NEBNext Ultra directional RNA library
Prep kit (NEB) followed by AMPure XP Beads size se-
lection (Beckman Coulter).

CFS SMALL RNA-SEQ DATA ANALYSIS

Small RNA-Seq reads were first processed to remove
adapter sequences and low quality reads. The reads
were then aligned to the human genome with Bowtie
(22 ) allowing at most 1 mismatch. We parsed the map-

ping results to identify reads mapped to miRNAs
(miRBase, release 19), piwi-interacting RNAs (piRNAs)
(piRNABank, November 2013), and other known
small RNAs (RFam, version 11.0). We also mapped
reads to the Human Oral Microbiome Databases (23 )
to eliminate those that possibly originated from micro-
bial species. For human miRNAs, only uniquely
mapped reads were retained. Uniqueness was not re-
quired for reads mapped to piRNAs or other small
RNAs owing to their repetitive nature and/or presence
of multiple copies in the genome. In parallel, reads
were also aligned to the spike-in controls, allowing no
mismatches. The number of reads mapped to each
miRNA was normalized with the spike-in controls and
total number of mapped reads in each library.

Detailed bioinformatic methods, exosome isola-
tion, and experimental validation procedures are de-
scribed in online Supplemental Methods.

Results and Discussion

SMALL RNA SEQUENCING OF CFS

We used our widely adopted protocol to isolate CFS
from fresh saliva samples (see online Supplemental
Methods) (9 ). The protocol previously was shown to
effectively remove cells as evaluated by exclusion of cel-
lular genomic DNA and cell counting (9 ). In addition,
we examined several genes [e.g., ESRP1/2 (epithelial
splicing regulatory protein 1 and 2),9 OVOL1/2 (ovo-
like zinc finger 1 and 2), HBA1 (hemoglobin, �1),
APOC1 (apolipoprotein C-1)] that are known to be
highly specific to epithelial cells or leukocytes, the ma-
jor types of cells in saliva. Most of these genes were not
expressed (on the basis of RNA-Seq data collected for a
separate study, data not shown), supporting the effec-
tiveness of our CFS protocol in removing cells. We ob-
tained a total of 165 million reads from 8 CFS small
RNA sequencing libraries (see online Supplemental
Table 1). Total RNA was isolated directly from the CFS,
and synthetic small RNAs were added into the total
RNA samples before library construction to serve as
spike-in controls. As shown in online Supplemental
Fig. 1, expression levels of spike-in controls were highly
correlated between samples, supporting the technical
consistency of our data. After adapter removal, the
reads showed a length distribution that peaked at 22 nt
(Fig. 1A), consistent with the expected length of
miRNAs. Interestingly, we also observed a second peak
at 29 nt that may correspond to piRNAs. The most

9 ESRP1/2, epithelial splicing regulatory protein 1 and 2; OVOL1/2, ovo-like
zinc finger 1 and 2; HBA1, hemoglobin, �1; APOC1, apolipoprotein C-1;
EIF3E; eukaryotic translation initiation factor 3, subunit E; DDOST; dolichyl-
diphosphooligosaccharide–protein glycosyltransferase subunit (non-catalytic).
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Fig. 1. miRNA expression in CFS.

(A), Example length distribution of a small RNA sequencing library from CFS. Library adapters have been trimmed. The read
lengths of the major peak (22 nt) and minor peak (29 nt) are illustrated, which correspond to the known lengths of miRNAs
and piRNAs, respectively. (B), Scatter plot of miRNA expression (log2 RPM) across 2 individuals. Pearson correlation coefficient
is shown. (C), Experimental validation of miRNA expression in exosome fraction (E) and exosome-free fraction (NE) by use of
ddPCR. For each miRNA, the ddPCR fluorescence intensity is shown for E and NE samples in each individual. Negative control
(no template) was run together with the actual samples in the same batch of experiments, and fluorescent signal was barely
detected. (D), Histogram of ISI for all expressed miRNAs calculated with the 6 independent saliva samples (biological replicates
not included). The distributions of ISI values of other public data sets are also shown for comparison.

RNA Profile in Human Saliva
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abundant types of small RNAs in our data included
human miRNAs (6.0% of reads on average), piRNAs
(7.5% of reads), and snoRNAs (0.02% of reads) (see
online Supplemental Table 1). In addition, 58.8% of
reads corresponded to microbial RNA sequences, re-
flecting the enriched presence of microorganisms in
saliva (8 ). Our results suggest that the small RNA
sequencing experiment can capture a wide spectrum
of noncoding exRNAs in human saliva.

miRNAS ARE ABUNDANT IN HUMAN CFS

In each saliva sample, a total of 127– 418 miRNAs were
detected, with an expression level of �1 reads per mil-
lion mapped reads (RPM) (see online Supplemental
Table 2). The most abundant miRNA was miR-223–3p
that had an average expression level of 19442 RPM
across all samples. miRNA expression levels were
highly correlated across biological replicates (r �
0.977) (see online Supplemental Fig. 2), again support-
ing the reproducibility of our data. Importantly, differ-
ent human subjects also demonstrated highly corre-
lated miRNA expression levels (Fig. 1B; online
Supplemental Fig. 3). For example, among the top 10
highly expressed miRNAs in each sample, 8 were
shared by at least 4 of the 6 nonreplicated samples.

Previous reports suggested that the majority of
miRNAs in saliva were concentrated in exosomes (24 ).
We tested the presence of miRNAs in exosome and
nonexosome fractions of saliva in a subset of samples
(Fig. 1C; online Supplemental Fig. 4). Two miRNAs
(miR-223–3p and miR-148a-3p) detected in RNA-Seq
data of multiple individuals were chosen for this exper-
iment. Plasma/serum miR-223 together with other
miRNAs have been shown to be closely associated with
the tumorigenesis and metastasis of gastric carcinoma
(25 ), hepatocellular carcinoma or chronic hepatitis
(26 ), sepsis (27 ), and lung cancer (28 ). Dysregulated
miR-148a has been reported in ovarian cancer (29 ),
liver injury (30 ), and gastric cancer (31 ).

To measure expression levels of the 2 miRNAs,
exosomes were isolated from fresh human saliva with
the conventional differential centrifugation method
(see online Supplemental Methods), the effectiveness
of which has been well established in our laboratory
(32–34 ). We used the droplet digital PCR (ddPCR)
method because it can measure absolute concentration
of each miRNA and does not need internal controls. As
shown in Fig. 1C, both miRNAs can be detected in all 3
subjects, and they are predominantly present in the
exosomal RNA fraction in 2 of 3 subjects. For 1 subject
(S1), both miRNAs were detected in both exosomal
and nonexosomal fractions. This observation is not
likely to be due to failed separation of the exosomal
fractions, because piRNAs in this subject showed pre-
dominant localization in the exosomal fraction (see be-

low). It should be noted that these data only serve as a
qualitative evaluation rather than a quantitative valida-
tion of the RNA-Seq data, because the RNA was ob-
tained in very different ways in the 2 types of experi-
ments. In addition, the exosome isolation step
introduced relatively large technical variation across
samples, which may explain the large interindividual
variation observed in miRNA expression level. Never-
theless, our result is consistent with previous findings
that miRNAs are mainly localized in exosomes in most
individuals. However, as shown in Fig. 1C, it is likely
that there also exist vesicle-free ncRNAs in saliva (e.g.,
for subject S1), which should be further investigated.

VARIATION OF miRNA EXPRESSION ACROSS INDIVIDUALS

As shown in Fig. 1B, miRNA expression values are gen-
erally significantly correlated across individuals, as
measured by RNA-Seq of CFS total RNA. However,
there does exist noticeable variation across different
subjects. We asked whether salivary miRNAs are par-
ticularly subject to individual variability, given that sa-
liva is readily exposed to and communicative with the
external environment that can be highly individual
specific. To examine this question, we defined an indi-
vidual specificity index (ISI) for each miRNA (see on-
line Supplemental Methods). This index has a value
between 0 and 1, with larger values representing higher
interperson variability. For comparison, we also ana-
lyzed several other data sets derived from primary
brain tissues (35 ), skin (36 ), B cells (37 ), cerebral spi-
nal fluid (CSF), and serum (15 ). As shown in Fig. 1D,
miRNAs generally demonstrated a wide range of indi-
vidual variability in all types of samples. Interestingly,
the salivary ISI distribution was relatively similar to
those of other body fluids (CSF and serum) and intra-
cellular RNA (B cells). Compared with other samples,
brain and skin miRNAs showed higher individual vari-
ability, possibly reflecting the heterogeneous cell type
composition in these samples. Overall, our results sug-
gest that the individual variability observed in salivary
miRNAs is at a level similar to those observed in other
extracellular and intracellular data sets. Given the re-
markable diversity of salivary environment across indi-
viduals, this observation supports the effectiveness of
our cell removal method in enriching for physiological
extracellular RNA rather than environmentally related
RNA. Thus, extracellular RNA in CFS can serve as sta-
ble biomarkers with individual variability similar to
that of other body fluids, with the advantage of being
highly accessible and noninvasive.

miRNA EXPRESSION PROFILES OF CFS CLUSTER WITH THOSE OF

OTHER BODY FLUIDS

We next conducted a comprehensive comparison of
miRNA expression profiles in different body fluids and
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cell types. A total of 95 small RNA sequencing data sets
(including our 8 data sets) were analyzed for miRNA
expression with the same method (Fig. 2; online Sup-
plemental Fig. 3; online Supplemental Methods). Raw
sequencing reads were used, except for a few data sets in
which read counts of miRNAs were directly taken from
the original publication owing to lack of raw data (as
noted in online Supplemental Fig. 3). Batch effects or
technical variations across laboratories may be a signif-
icant confounding factor in this type of analysis. We
used a data normalization method similar to that ad-
opted in DESeq (38 ) to alleviate batch effects. In addi-
tion, the correlation across data sets was evaluated with
the Kendall � method, a rank-based nonparametric
correlation analysis (see more details in online Supple-
mental Methods). In this manner, data comparison is
less sensitive to the quantitative values of miRNA ex-
pression levels, which may fluctuate due to technical
variation.

As shown in online Supplemental Fig. 3, data sets
generated from the same tissue or cell type (brain, B

cells, or ES cells) by different laboratories clustered to-
gether. This observation suggests that batch effects
have been adequately reduced, although it may not
have been possible to reach a complete elimination.
Strikingly, all the data sets derived from extracellular
body fluids [CFS, serum, CSF, and plasma (exosome-
associated RNA)] clustered together, with relatively
smaller distances compared with their distances to in-
tracellular RNA samples. This observation could not
have been due to batch effects, since different labora-
tories generated the data sets of various body fluids.
Thus, our analysis suggests that extracellular miRNAs
in different body fluids share similar profiles, indicat-
ing existence of commonality in the biogenesis of these
miRNAs.

Nevertheless, miRNAs in CFS may also have dis-
tinct expression patterns that reflect the local cellular
environment of the salivary glands and oral mucosa.
Epithelial and other cells may release cellular miRNAs
into the extracellular space and contribute to the
miRNA profile in CFS. Interestingly, among cellular

Fig. 2. Comparison of miRNA expression across different cell types and body fluids. Heat map of correlation
(Kendall �) of miRNA expression levels derived from public and in-house small RNA sequencing data sets.

A subset of the samples including our CFS samples is shown here because of space limits, with the entire figure shown as online
Supplemental Fig. 3. Hierarchical clustering was applied. Samples were named by their type, the laboratory that generated the
data (via an arbitrary numerical ID), and GEO IDs (if available). Raw sequencing data were analyzed in exactly the same way
except for data from lab 17, for which expression data of miRNAs in serum and CSF were directly obtained from their publication
due to lack of raw data. Saliva_lab_16 represents CFS miRNA data generated in this study. All the data sets derived from
extracellular body fluids [CFS, serum, CSF, and plasma (exosome-associated RNA)] clustered together, with relatively smaller
distances compared with their distances to intracellular RNA samples.

RNA Profile in Human Saliva
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data sets that are relatively close to the CFS samples in
the clustered heat map (Fig. 2; online Supplemental
Fig. 3), several may contain cell types similar or related
to the cellular environment of saliva, such as mammary
epithelial cells, skin cells, endometrium (with epithelial
cells as a major layer), fibroblasts, etc.

piRNAS ARE RELATIVELY ABUNDANT IN HUMAN CFS

As mentioned above, piRNAs constitute another group
of small RNAs in CFS with an appreciable peak in the
length distribution of sequencing reads (Fig. 1A). A
total of 32–109 piRNAs were detected in each saliva
sample with at least 1 RPM. Compared with the total
number of piRNAs in public databases (23439 in
piRNABank (39 )), the number of piRNAs detected in
our study was small. Nevertheless, some of the piRNAs
were expressed at relatively high expression levels in
CFS. For example, the most abundant piRNA, piR-
018570, had an average expression level of 32296 RPM
across all samples (see online Supplemental Table 3).

The expression levels of piRNAs across different CFS
samples were highly correlated (Fig. 3A; online Supple-
mental Fig. 5), although not as strongly as that for
miRNAs, possibly because of the relatively small num-
ber of piRNAs at high expression levels.

The ISI values of piRNAs in CFS were overall sim-
ilar to those in B cells (Fig. 3B) but lower than in brain
or skin tissues. This observation is similar to that for
miRNAs (Fig. 1D). However, the ISI values of piRNAs
in CFS were generally larger than those of CFS
miRNAs, indicating a higher degree of individual vari-
ability. This result may be explained by the possible
diversity of cellular origins of CFS piRNAs, which is
discussed below.

To test the presence of piRNAs in exosomes, 2
highly expressed piRNAs (piR-001184 and piR-
014923) were chosen for ddPCR analysis (Fig. 3C).
Both piRNAs were identified in at least 2 subjects,
which demonstrated predominant localization in exo-
somal RNA fractions. Interestingly, in contrast to the

Fig. 3. piRNA expression in CFS.

(A), Scatter plot of piR expression (log2 RPM) across 2 individuals. Pearson correlation coefficient is shown. (B), Histogram of
ISI for all expressed piRNAs calculated with the 6 independent saliva samples (biological replicates were not included). The
distributions of ISI values of other public data sets are also shown for comparison. (C), Experimental validation of piRNA
expression in exosome fraction (E) and exosome-free fraction (NE), similar to Fig. 1C.
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ddPCR results of miRNAs in subject S1, both piRNAs
were mainly detected in exosomes of this subject. Over-
all, our data suggest that the 2 piRNAs in this experi-
ment had a predominant localization in exosomes in all
subjects with detectable signals.

COMPARISON OF piRNA EXPRESSION PROFILES OF CFS AND

OTHER SAMPLES

As for miRNAs, we compared the piRNA expression
profiles across a large number of samples (Fig. 4; online
Supplemental Fig. 5). Raw sequencing data were ana-
lyzed, and across-data set normalization was con-
ducted in the same way as for miRNAs. Importantly,
since the number of piRNAs is relatively small, we car-
ried out the normalization procedures by combining
all data related to miRNAs and piRNAs to avoid poten-
tial bias due to the small number of variables. We ob-
served that many piRNAs were highly specific to only
a subset of data sets. For example, only 23% of
piRNAs were detected with �1 read in �50% of the sam-
ples included in online Supplemental Fig. 5, whereas
40% of miRNAs were found in a similar analysis.
Due to this type of scarcity, we did not conduct a
rank-based correlation analysis for piRNAs. Instead,
the heat maps in Fig. 4 and online Supplemental Fig. 5

directly visualize piRNA expression levels with hierar-
chical clustering.

As shown in Fig. 4 and online Supplemental Fig. 5,
CFS, embryonic stem (ES) cells, and skin cells were
among those having the highest expression levels of
piRNAs. The same observation can also be appreciated
in online Supplemental Fig. 6, in which the expression
levels of piRNAs are directly shown as empirical cumu-
lative distributions. In addition, the data were exam-
ined for the fraction of piRNAs with at least 10 reads
(after data normalization) in each sample (see online
Supplemental Fig. 7). Again, CFS, ES cells, and skin
cells were among those with the highest fraction of
moderately or highly expressed piRNAs. In contrast,
the piRNA expression in plasma (exosome-bound)
was relatively low (see online Supplemental Figs.
5–7). These data suggest that that most salivary
piRNAs may not have originated from circulating
RNAs in blood. The similarity of piRNA profiles in
CFS to those in ES cells and skin cells indicates that
cells producing piRNAs in CFS (possibly salivary
glands, oral mucosa, etc.) may have stem-like prop-
erties or regenerative capacity, which should be an
area for further investigation.

Fig. 4. Comparison of piRNA expression across different cell types and body fluids. Heat map of piRNA expression
levels derived from public and in-house small RNA sequencing data sets.

Z-scores of expression levels were calculated for each piRNA. A subset of the samples including our CFS samples is shown here
because of space limits, with the entire figure shown as online Supplemental Fig. 5. Hierarchical clustering was applied. Samples
were named similarly as in Fig. 2. CFS, ES cells, and skin cells were among those having the highest expression levels of piRNAs.

RNA Profile in Human Saliva
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IDENTIFICATION OF circRNAs IN HUMAN CFS

circRNAs constitute an emerging type of RNA recently
highlighted in several studies involving different cell
types and tissues (20, 40 – 44 ). It is not yet known
whether circRNAs exist extracellularly in body fluid.
To examine this question, we constructed strand-
specific sequencing libraries with a circRNA enrich-
ment step using RNase R (42 ). We developed a cus-
tomized pipeline to identify unique back-spliced
circular junctions within the sequencing reads (see on-
line Supplemental Methods). It should be noted that
this method searches for de novo circular junctions and
does not depend on annotations of known exons and
genes. Nevertheless, we observed that many of the pre-
dicted circRNAs were generated from known exons
with canonical splice site signals (see online Supple-
mental Table 4). Interestingly, most such canonical cir-
cRNAs were also predicted as circRNAs in previous
studies of intracellular RNA samples. A total of 95 pu-
tative canonical circRNAs were identified with at least 2
distinct circular junction reads among the 4 samples in
this study or with 1 read but also reported as intracel-
lular circRNA (http://circbase.org).

In addition to the canonical ones, many predicted
circRNAs were not associated with canonical splice site
signals (see online Supplemental Table 4). Because pre-
vious studies of intracellular RNA data did not con-
sider such noncanonical circRNAs, we imposed a
slightly more stringent criterion in calling such cir-
cRNAs by requiring at least 3 distinct reads overlapping
the putative circular junction. A total of 327 nonca-
nonical circRNAs were identified in this way. Thus,
together, our study predicted 422 putative circRNAs in
human CFS. Among these predictions, 28, 6, and 1
were common to at least 2, 3, and 4 individuals, respec-
tively (see online Supplemental Table 4). The low de-
gree of overlap may indicate that circRNAs are highly
individual-specific. Alternatively, a much larger num-
ber of circRNAs may exist in each sample than de-
tected in our study. Considering the large number of
predicted intracellular circRNAs (�9000 in http://
circbase.org), the latter possibility is likely true.

To date, the functional relevance of most intracel-
lular circRNAs remains largely unknown. To gain
some functional insights, we carried out a gene ontol-
ogy analysis of the genes overlapping putative cir-
cRNAs in human CFS. Interestingly, a number of
closely related categories were highly enriched, such as
chemotaxis, inflammatory response, establishment of
T cell polarity, cellular movement, actin cytoskeleton
organization, and integrin-mediated signaling path-
way (see online Supplemental Table 5). Overall, this
result indicates that salivary circRNAs may be involved
in intercellular signaling and inflammatory response.
This observation is in line with the fact that inflamma-

tion is manifested via periodontal diseases, the most
common disease in the oral cavity, and that exRNAs are
now known to mediate cellular communications.

EXPERIMENTAL VALIDATION OF circRNAS IN HUMAN CFS

To validate the presence of circRNAs, primers capa-
ble of amplifying the predicted circular junctions
(outward-facing primers, Fig. 5A) were used in a RT-
PCR experiment (see online Supplemental Methods;
online Supplemental Table 6). PCR product was visu-
alized on a PAGE gel to confirm the expected size of the
circular junction. Subsequently, DNA was purified and
subject to Sanger sequencing. We randomly picked 6
putative circRNAs with the corresponding circles
formed by 1 or 2 exons using canonical splice site sig-
nals. As shown in Fig. 5A, all 6 circular junctions were
confirmed on the PAGE gel and, more importantly,
with their exact sequences confirmed by Sanger se-
quencing. Thus, our data provide the first evidence that
circRNAs exist in an extracellular body fluid.

Because a large number of our predicted circRNAs
do not have canonical splice site signals, we conducted
the above validation experiment on 3 additional non-
canonical circRNAs. However, instead of direct Sanger
sequencing, we conducted clonal sequencing of the
TOPO-cloned PCR products because of the small size
of these predicted circRNAs. The candidates were
picked to represent 2 main categories of observed
genomic locations that give rise to noncanonical cir-
cRNAs in our data: introns and long noncoding RNA
(lncRNA) transcripts. Two of the 3 candidates were
confirmed in this experiment (Fig. 5B). The circular
junction (chr13:23270854_23270908) generated by a
lncRNA was not confirmed, possibly owing to its low
expression level and that only a limited number of
clones were included for clonal sequencing. For the
EIF3E (eukaryotic translation initiation factor 3, sub-
unit E) intron– derived circRNA, the RNA-Seq reads
led to discovery of multiple alternative circular junc-
tions that differed by a small number of nucleotides
(see online Supplemental Table 4). Our validation con-
firmed one of the most abundant forms. Interestingly,
the ENCODE RNA-Seq data (polyA-fraction) derived
from GM12878 cells (available at the UCSC Genome
Browser, http://genome.ucsc.edu) included reads that
correspond to this predicted circRNA, serving as an
independent evidence to support its existence. The
EIF3E intron harboring this circRNA is relatively long,
and it is unlikely that the circular RNA was generated
from the complete intron lariat after splicing. In con-
trast, the other confirmed circRNA (chr1:20979041_
20979113) was derived from an intron of DDOST
[dolichyl-diphosphooligosaccharide–protein glycosyl-
transferase subunit (non-catalytic)], the length of
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which is consistent with its generation from the intron
lariat. Therefore, diverse biogenesis pathways may exist
for these circRNAs, which need to be further investi-
gated in the future.

In summary, we conducted a comprehensive
study of the extracellular ncRNA profile of human sa-
liva. To our best knowledge, this is the first report and
validation of circRNAs in an extracellular body fluid. In
addition, our study, for the first time, revealed the dis-

tinction and similarities between the landscapes of
miRNAs and piRNAs in CFS and those of other body
fluids and intracellular RNA samples. The validated
presence of ncRNA in saliva provides novel insights
into the biology and regulatory roles that saliva constit-
uents can exert locally in the oral environment as well
as systemically as saliva is being swallowed into the gas-
trointestinal tract. The insights generated in our work
lay a foundation for future functional, mechanistic,

Fig. 5. circRNA expression in CFS. Experimental validation of circRNAs in CFS was carried out by RT-PCR.

Primers were designed to amplify the circular junctions, as illustrated. CFS samples were collected from the same subjects, but
on different days, as for RNA-Seq. PAGE gel images are shown to visualize the presence of the PCR products. Representative
Sanger sequencing traces are shown, together with the nucleotide sequences and genomic coordinates (hg19) of the circular
junction. All Sanger-based sequences were identical to the predicted circular junctions via RNA-Seq. (A), Canonical
circRNAs. Sanger sequencing was conducted on gel-purified PCR products. (B), Non-canonical circRNAs. Sanger sequenc-
ing was conducted on random clones amplified after TOPO cloning of the PCR products. DOPEY2, dopey family member
2; UBAP2, ubiquitin associated protein 2; GSE1, Gse1 coiled-coil protein; ASXL1, additional sex combs like transcriptional
regulator 1; UGP2, UDP-glucose pyrophosphorylase 2; WDFY1, WD repeat and FYVE domain containing 1.
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and translational discoveries related to ncRNAs in hu-
man saliva.
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